Reproduction Quality Notice

This document 1s part of the Air Technical Index
[ATI] collection. The ATI collection is over 50 years
old and was 1imaged from roll film. The collection has
deteriorated over time and is in poor condition. DTIC
has reproduced the best available copy utilizing the
most current imaging technology. ATI documents
that are partially legible have been included in the
DTIC collection due to their historical value.

If you are dissatistied with this document, please feel

free to contact our Directorate of User Services at
[703] 767-9066/9068 or DSN 427-9066/9068.

Do Not Return This Document
To DTIC



Reproduced by
AR DOCUMENTS DIVISION

HEADQUARTERS AIR MATERIEL COMMAND
WRIGHT FIELD, DAYTON, OHIO




[ r—— ——
L R & . ) B

/

: (?OSGOVERNMENT

IS ABSOLVED

FROM ANy LITIGATION WHICH MAY

ENSUE FROM T HE CONTRACTORS IN -







w)f&d}%
ARR Dec loh?/oa

e

[hir uomg“;‘mm pee

C-212F

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

I ne 134
WARTIME REPORT

ORIGINALLY (SSUED
December 1941 as
Advance Restricted Report

aﬂ}i LIY FINNED HONEYCOMB RADIATORS

* By Arthur N. Tifford

langley Memorial Aeronsutical Iaboratory
Langley Field, Vea.

| IS A AR by

f i s

Reifiad
Spraial D cucizn s aeuh = '(bj-'v\'F--G
Weich, bieiu wa Lo Ay Section ]
Ar DG TS 3 i, 2= g nce (T-2) N ~
Wit hichd, Laywa, Uino. I\

WASHINGTON

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of

advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but ar

) ome of these reports were not tech-
nically edited. All have been reproduced out c

in order to expedite general distribution.

)
g/

|



INTERMALLY FINNED HONEYCOMB RADIATORS
By Arthur N. Tifford

SUMHARY

Caleculations are made of the performance of several
internally finned radiators and a comprison with the per—
formance of conventional honeycomb radiators is made. If
fine are placed inside conventional—size tudbing, the hy-
draulie diasmeter »f the air paszages is reduced and the
sige and the power expenditure of the radiator are reduced,
Calculations show that in a typical case the nev radiator
can be designed with 55 percent less voluwme and will re-—
quire 18 percent less power expenditure than the econven—
tional radiator dissipating the same amount cf heat, If
large tubes are internally finned in such a manner as to
obtain the game hydraulic diameter for the air passages
®s 1s used today, the pressure drep and the power expendi-
ture of radiators' can be markedly reduced, For example,
ealeulations ehow that the new radiatsr will require 20
percent less pressure drop and 1% percent less vpower ex-—
penditure than the conventincnal honeycombd radiator of the
same volume dissipating the same amnunt »f heat.

INTRCDUCTION

The problex of designing the ccoling installation in
an airvlane involves a compromise between the size and the
power exnenditure of the ianstallation. Many ethylene— .
€lycol radiators of various sizes and power costs will dis-
sipate the amount of heat required by a given engine with
& reasonadble pressure drop. Small radiators tend to re—
quire large power expenditures; whereas large radiastors
tend to require small power expenditures. 3Because small
radiators of low power expenditure z2re desiradble, several
mathode of reducing the size of radiators without adversely
affecting the power expenditure have been investigated in
the past, aeducing the width of the liguid passage na
much as possidble has been found to be profitable bLecause
the gsame amount of ceoling surface can thus be saueezed
into a smaller volume, s limit »n the width of the liquid
Passage is set by the clearance reauired by forelgn mate-—
rials in the conlant. another method of increasing the
amount of e¢ooling surface per unit volume is te reduce the
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dlameter of the radiator tubes. The large nuamber of tubes
required, however, brin~e on manufacturing difficulties.
Present practice doee not permit the mnae of radiator tubes
of less than 0.20 inch diameter,

In this paper the performance characteristics of sev—
eral radintors with iaternally finned tudes are calculated
and aro compared with the performance characteriestics of
conventional honeycomb radiators. The object of the paper
"ia to present typical resul‘es to be expectcd from the use
of internally finned radiators,

ANALYSIS OF THE PLOBLZEN

# direct method of reducing the size of radiators that
is:very promising is the placing of fins ineide and along
the complete leangth of convertinral. vidiator tubing, Figure
-1 shows varipus aArrangements of fims in the tubing. Internal
finning is an efficlent means nf obtalning small hydraulic
diametere for the alr paseages +f radiatores without inereas—
ing the number »f tubee that must bve handled in the nmunufac-—
turing processes. Internally fiuned radiators have, mere-
over, definite advantages over conventicnal heneyvcombd radi-
ators with the same hydraulice diameter for the uir passages,

Several factors explain the improved perfarmance of
internally finned radiamtors. In the conventional ethylene~
€lycol honeycemd radintor ncout 95 percent of the rezistance
to heat flow lies in the bmaundary layer on the air side. In-
ternal finning makes the thermal resistances en the liquid
and air eides more nearly ecual because the surface expnged
to the ailr is increased without a change in the curface on
the 1iquid slde. The reduction of the total recistance to
the flow of heat for a given amount of surface causes a re-—
duction in the ameunt of surface required for a given heat
diseipation., One adverse erfect nccurs because indirect
ceoling surfaces, such as these internal fins, operate at
lower average temperantures than the tube walls. Fin effec—
tiveneee of approximately 95 mercent can be odbtained, how—
aver, by using copper {ins having width-to-thickness ratios
of absut 80,

Becouse the fins need be made o6nly thick ensugh to ef-
ficiently carry the flsy of heat (the fins do not have to
supply structural strength to the radiator), because each
fin oontributes twice as much ensling-air surface per unit
of metal veileht as direct purface does, and hacanse the
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apount of coolant carried in the radiator is reduced, the
veight of radiators.can be reduced by internal finning.

. Furthermore, because of the fewver liguid passages and the
thinner metal used, the ratio of open to total frontal
area of an internally finned honeycomb radiator is greater
than the ratio of open to total frontal area of a conven-
tional honeycomb radiator with the same hydraulir diameter
for the alr passages. The greater open frontal area of an
internally finned radiator allows more air passages to
operate in varallel in a given frontal area. Consequently,
the pressure drop required for cooling 18 less than the
pressure drop required by a conventional radiator.

1Alige

SYHBOLS

The following symbols, listed alphadbdetically, are
used in this report. Consistent unite are also given.

2h
a quantity defined as ———ter

kmtf

a total frontal area of radiator, square feet
a, open frontal area of radiator, square feet

¢p epecific heat at constant pressure, Btu per pound
wer OF '

cn drag coefficient of wing

" _ €y 1ift coefficient of wing
D hydraulic diameter of alr passagea, feet
¥ :Dt bhydraulic diameter of radiator tubee, feeti

! Ef fin effectiveness

free-area ratio, ratis of open frontal area to
total frontul area

f, {free-area ratio, fins being neglected

f, friction factor 5212
4qL




. 4
' g.. acceleration of gravity, feet per second per )
’ sacond
“" " B surface heat—transfer coefficient, Btu per second

per square foot per °F

'Nu-qglt nunder

§

heat—-transfer coefficient from ajr to tude wall,
. . Btu ver secohd per sguare ioot per OF .

'p;:.hbgtutrsnetor coefficient from liquid to tudbe wall,
Btu per second ver square foot wer OF

H quantity of heat disgipated ner unit time, Btu per
second c¢r hsreepowver

«++ .k thermsal conduetivity, Btu per second per sguare
. . foot per OF per focot

k, thermal conductivity of air at radiator entrance,
Btu per secord ner agquare foot per °F per

foot
km thermal conductivity of metal, Btu per second
\ . ) per square foot per ®F per faot
‘ " L ' radiator length, faet

n number of fins

PD power required to foree air thrmugh radiater,
foot—poundse per second »nr horsepovwer,

Py power reguired to suppert and prepel weight of
radiator, foot—-pounds per secrnd ar hersepewer .

P, tetal power required by radlater installatien, ‘
foot-pounds per second or harsepower

! b} statie nressure, poundes per szuare foot

Ap pressure drcp acress radiator, pounds ner square
foot i

dps precsure drop due to skin friction, pcunds per .
square foot {

qQ dynamie pressure, pound-'pgr square foot

o PPN
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dyaanic pressure at radiator exit, pounds per
square foot

P ..
Reynolds number 252’

thermal resigstance on alir sido/’ 1 \
\n,s, /

thermal resistance on liquid side ( L
. n,s,
side of hexagonal tude, feet

cooling surface, including fins, on air side,
square feet

cooling surface of fine, sgquare feet

cooling surface on liquid side, sguare fest
tube~wall thickness, feet

thickness of fin, feet

absolute temperature, op

absolute atmospheric temperature, OF

absolute teanerature of air at radiator entrance, °F
absolute temperature of alr at radiator exit, °F
absolute liguid temperature, °F

absoclute wall teamperature, CF

open volume of radiator, negleacting finning, cubic foet
total volume of radiator, cubic feet

velocity, feet per second

velocity of air at radiator entrance, feet per
second

alr-stream velocity, feet per second

width of minimum allowable passageway on ligquid
side, feet
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width of fin between tube walle, feet
weighs of fins, pounds

weight of radiatsr without fins, pounds

exit less
2q3

factor, approximately 1.5, by which to multiply
‘radiator weight ian order to account for addi-
tional required airplane structure

air dernsity, slugs per ecudie fnrot

air dengity at radiater entrance, slugs per cubie
foot

weight density of fine, pounds per cubdbic foot of
open vaolume of tubes

eoalant density, pounds mer cubie f-ot
metal weight density, pounds per cudic foot

weight density of rediator without fins, pounds
per euble foot of open vaolume of tubes

pumping efficienecy ef duet systenm
heat—transfer efficiency

coeffieient of viscosity, slugs per foot per
eecond ' :

coefficient of viscosity of air at radiator en-
trance, slugs per foot per second

HETHLD -F CALCULATICH

- The proecedure followed in the calculations is similar
to the procedure presented in refereance 1 and has deen
adapted to take into account the effect of the thermal re—
sietance on the ligquid side.

._!he Povwer expenditure chargeadle to a wing or an engine—
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where, from refercnce 1,

Tw = Ty ra - T
A,pl plvla afl+ L_ﬂt + - _T.'__lnt
) T, S T,

Ty = T
.1 D.I_-(a . l.._.l-,]‘)[ (2)
T,

The heat dissipeticn 18

. H= 8P1V314 ap(Ty - T) g (3)
Where
Tz-1 -_Ja kL
Mg s ~=—21., plvlopg D
Tw =T
or .

; V,D\-0e2
~#{vwaa9) -pl—L L
Mg 31-e ot | D

in the turtulent regi~n,

The temneratupe difference T, - Ty is a funstion »¢
the thermal regigtance on the Hquid side in internally
finmd-radlntor-. The ratic of the thernul resistance con
the tw: sideg ig
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Aotually, the fin ometivouﬁ is (refersnos 2)
! . . ave .
tanh -
awp

2
as=
VEH'

and w, is the fin width batween tube walls. The over-
all effectiveness of the oooling surfane on the air side
is the aum of the fin surface multinli-d by the fin effec~-
tiveness and the direct oocoling surfuce civiicd by the

EBp »

/SeBp + 8y
total amount of surface on the air sid: —-—-S .
a

The available temperature differznce is, therefore,

Ty ~ T, SeBp + 83
Tw =Ty = 5 (L)
Sahy Y
The detailed caloulation of the performance of in- . . !
ternally finned radiators is outlired ir the anpendix.

+

DISCUSEION

Typioal results obtainabls by the use of internally
finned radiator tubes are ravresented in table I and fig- .
ures 2, 3, and 4 by the walues for radiators C, D, E, and '
Fe Figure 2 shows the =ffect o incripsing the relative :
thermal resistance on +he 1iyuid s5'd:e EBeex point ocrre-
sponds to & rediut diesip.tiag 100 hors.mowr and having
a frental arca of & sy.arc Teet, = adr russuge lergth of
6 inches, und a *yireuiic diameter of 1/12 inche These
radiators differ cnly .n the wnount of indireet cooling *
surface used on the air side. The number of fins is a
measure of the anount of Indirert conling surface. The
curves of figure 2 indicate that mogt of the guins derfv- ‘
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able from internal finning without a change in the hydraulie
diameter of the air passages are obtained by the use of
three fine (radiator D, tadle I)}. 1In this case the power
expenditure is reduced by 23 percent and the pressure drop
is reduced by 4C percent, If radiator D were designed for
the same pressvre drop as radiator B (tadle I}, the frontal
area would be reduced 25 percent.

When small hydraulic diameters are ueed for the air
passagee of radintors, small volumes and small power ex-—
penditures are obtained. In practice, manufacturing diffi-
oulties associated with the large number of tubes required
%y the conventional honeycond radiator restrict the minimum

. eize of the tube diameter to abeut $.2{ inch. By the use

of internal finning, howevsr, amall hydraullc diameters can
be obtained for the air passages without increasing the
aunber of tubves. The curves of figure 3 fllustrate how in-
ternal finning reduces the size and power expenditure of
the inetallrtion., Filgure 4 shows that an increase in pres—
sure drop is asvociated with a Bl—percent reduction in
radiator aize, By a reductien in the radiator volume of

25 percent instead of 5C vercent and by the use of & hy—
dravlic diameter of 1/8 lanch for the air passage, all three
significant factors — the radiator volume, the power ex—
penditurs, and the pressure drop — would be reduced.

{
'
'
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A comparison of the :erformances of rndiators C and D
(tadle I), which differ physically oniy in that the fins ,
of radiator C are twice as thick as the fine of radiator D,
emphagizes the fact that there exist limitatione on the .
fin thickness cther than weight alone. Radiator €, with i
the heavier fins, reguires a higher precseure drop and a
higher internal power expenditure than radiator D bscaues.
the l-vercent increase in over-all cosling-surface effec— '
tivenesas in radiator €, as compared with radiator D, does
not nearly compensate for the S5~percent reduction in spen
frontal area caused by the doudbly thick fins. The point
to be emphasized is that the use of thicker fins does not
necesgarily mean thsat the required Pressure drep and the
power required to push the. cooling alr through the radia-
tor will be reduced.

A large nundber of practical arrangements of internal
fins exists. The hydraullic diameters fnr some of these
are given in figure 1. Arrangerents such as (c) or (f)
in figure 1 are inhersatly better thermally than (b) or
(e}, resvectively; that is, for a given weight of finning,
& higher fin effectiveness is obtained. The hydraulic
diameters are, howvever, more than 1J percent larger and

-
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the amocunts of cocling surface are consequently 10 nercent
supller, If all factors are considered, the over—all per-
forsance of installatione finned like (c) as compared with
(b), or like (f) ms compared with (e}, will differ negli—

£1%1y when the air flow ie turbulent, '

As the hydraulic dlameter of the alr passages decreunses T
with increased finning, the operating Leynolds number de— +£=
oreases., Thus, it becomes poseible tn aperste in the tran- |3
sition range bYetween laminar and turbulent flow or even
ot Reynolds numbers corresponding tec completelr laminar
flow. In such cases small angles between fins are to be
avoided because the leminar bdoundary layer will be extremely
thiok in the eharp corners and the surfaces forming the
corners will accordingly have a greatly reduced effective-
nees &g far as friction and henrt transfer are concerned., In
effect, the fins will cause an increase ian the radiator
weight out of proportion to the increcse in the heat dlgai-
pation per unit volume of radiator.,

CINCLUSILNS

A large nusmber of possible arrangeuente of internal
fins for radiators exists., By the use of these internal
fins, the power expenditure ard the pressure drop required
for coocling can be markedly reduced. In one tyolcal case
the new radjator is calculated tn reyuire 2’ percent l¢ss
; presgure drop and 18 percent less power expenditure than \
i the conventional honeycomb radiator of the same vélume [
i dissipating the same amount of heat,

PRS—————

JRPP——-

" Internal fiuning can alse be used tn reduce the hy-
drauliec diameter of the alr passages., This reduction will
decrease the sjize and the power expenditure of radiators.
Calculations show that in a typical case the radiator with
internal finning reguires 55 percent less volume and 18
percent  less power exvenditure than the conventional radi- )
ator having the same frontal area and diesesipating the sane 1
anount of heat.

Langley Memorial seronautical Ladboratory,
¥ational Advieory Committee for hAeronautics,
Langley Field, Va., October 17, 1941, - . ' .
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APPENDIX
CALCULATION OF THE PERFORMANCE OF INTERNALLY FINVED RADIATORS

The procédure followed in the onloulation of the per-
formance of internally fimmed radiators is similar to the
proocedure presented in reference 1,

PFor an assumed length and hydraulio diameter of the
air paseages, an upproximate ‘value for the operating Reynolds
number 1s estimated. The corresvonding value of Nusselt
number is found from heat-transfsr deta, sush us the data
pragented in figure 5. The heat-trunsfer cocfficient hy
is deternincd and u first approximation to the fin effue-
tivenose is obtained, The over-all effectivincess of the
oooling surfa-se having heen determined, a first aprroxi-
mation to the uvailable temper:ture difference TY -1
i9 found from equation (4). The corresponding value of
p,¥, 1is found in figure 6, which has becn olotted from
equation (3) for the turbulent reglon., (In the transition
and laminar reglons, equation (3) must be used directly,)
Reynolde rumbsr is now saloulated and a second value for
Nusselt numbher obtained, and the process is eontinued until
the same value of p V¥V, is determined in twe sucoccding
oaloulations. The pressure drov is now nsaloulatls from
equation (2) and the deta of fipur~ 7; the nower expendi-
turs required is calculable from equation (1),

This procedur: is repeated for eaoh assumed radiator
lengthe The nower expenditure 18 thon plotted against
radiator volure as in figure 3,

The details of the sca-level celculations for the
followins assum-d ronditions are given in table I. Fig-
ures 3 and l; rrasent the resulte graphically,

The ooolont 1a 97 percent cthylene-plyrnol solution and
hexagonal tubes are uged,

Vo T 734 fps (59C mph)
hy = 0.20 Btu ner sec ner sq ft mer °F
A 2L sq ft

t = 0.005 in,.

w T 0.028 in.

e b SO 1o
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opm 0.2l Btu per 1b per °F

% = 1000 hp

g = 0.1 .

To = L£0° ¢ 75.55 = 553,5° F abs.

T; = 460° + 290° = 750° F abs.

Py = 9.6 1b per cu f¢

Py = sopper = 555 1b ver ou ft

Xy = keoppor = 0.,06055 Btu ver sea par
aq £t per °F per ft

"’\p = 100 percent

Cp
€ tf =0.1

Allowance beinp made for carplote adiabatic compress
sion ahead of the radiator, the {ollowing quantities were
oaloulated and uwaed in the detailed ealculations:

————

T, =460 + 118 = 578° F aba.
T, =1 = 173° F ave.

14

k, = L.06 (10)" Btu per apo per sq £t per °F per £t
! P, = 0.00262 slug per ou ft

Wy =0.409 slug per £t per sec

! REFERENCES

1, Brevoort, M, J., and Leifer, ¥.: Radiator Design and
Installation. WNACA A.C.R., ¥ay 1939,

2, Farper, D. R., 3d, and Brown, W, B.: MNathematiocal
Equations for Heat Conduotion in the Fins of Air-
Cooled Engines. Rep, No. 158, NACA, 1923,
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Fig. 2
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Radiator volume, ou f¢

Figure 3. - Power expenditure of rldinor_n

dissipating 1000
horaspowar.
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Figure 4.~ Pressure drop acrosas radiators diuipuung 1000 horeepower.
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